Introduction
============

Bicuspid aortic valve (BAV) disease is the most common congenital heart anomaly, with an estimated prevalence of 0.5% to 2% \[[@b1-kjtcv-49-443]--[@b3-kjtcv-49-443]\]. Male predominance with a ratio of approximately 3:1 has been reported, and recent clinical studies show a high genetic heritability, with a 9% prevalence of the disease in first-degree relatives of patients with BAV disease \[[@b4-kjtcv-49-443]\]. Though patients with BAV disease can live without clinical significance, complications by BAV disease are relatively common in adulthood. Therefore, BAV disease accounts for higher morbidity and mortality than other congenital heart diseases.

BAV disease is associated with significant valvular disease such as aortic stenosis or regurgitation. Patients with BAV disease are also at increased risk of aortopathy such as aortic dilatation, aneurysmal change, or dissection. Previous studies have demonstrated that aortopathy could occur without valve dysfunction \[[@b5-kjtcv-49-443],[@b6-kjtcv-49-443]\]. In BAV, the connective tissue of the aortic media has abnormal properties and the collagen metabolism is disturbed. Extracellular matrix proteins or enzymes associated with aortopathy have been identified: an increased level of matrix metalloproteinases (MMPs), decreased level of endothelial nitric oxide synthase (eNOS), and decreased level of tissue inhibitor of matrix metalloproteinase (TIMP) \[[@b7-kjtcv-49-443]--[@b9-kjtcv-49-443]\].

The objective of this study was to evaluate potential differences in matrix protein expression in the aortic wall according to various types of BAV disease.

Methods
=======

1) Patient characteristics
--------------------------

From January 2009 to December 2012, samples of the aortic wall were obtained from 31 patients who underwent open heart surgery for aortic stenosis or regurgitation and associated ascending aorta dilatation. Intraoperative assessment of the aortic valve was performed to identify whether the patients had BAV disease. Four patients (12.9%) were identified with tricuspid aortic valve (TAV) disease, and 27 patients (87.1%) were identified with BAV disease. Patients in the BAV group were categorized into three subgroups according to the classification proposed by Sievers and Schmidtke \[[@b10-kjtcv-49-443]\]: left coronary sinus-right coronary sinus (R+L group; n=13, 42%), right coronary sinus-non-coronary sinus (R+N group; n=8, 26%), and anteroposterior (AP group; n=6, 19%). We considered the R+L and R+N groups to be non-AP groups. The R+L and R+N groups had a BAV with one raphe and two fused leaflets, and the AP group included true bicuspid valves in the AP orientation with no raphe.

Patients' preoperative characteristics are described in [Table 1](#t1-kjtcv-49-443){ref-type="table"}. The characteristics of each subgroup of BAV are additionally described in [Table 2](#t2-kjtcv-49-443){ref-type="table"}. All patients with predominant aortic stenosis and associated ascending aorta dilatation had a degree of aortic stenosis being more than moderate.

Aortic tissue samples were approximately 3.0×3.0 mm^2^. Samples were obtained from the proximal end of the resected ascending aorta or from the same site during aortotomy repair when the ascending aorta was not replaced.

2) Immunohistochemistry
-----------------------

Fresh samples were fixed with formalin and embedded in paraffin. The paraffin block containing the tissue sample was cut into thin sections of 4 to 5 μm. These sections were stained with primary and secondary antibodies. The sections were mounted and examined with a optical microscope that could take digital images. The whole area of as ingle slice was scanned using a ×100 objective, and magnified (×400) as digital images. The digital images were quantitatively analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, U SA). The area of secondary antibody expression was calculated with color picking tools. Only the media layer of the ascending aorta was analyzed. The person who obtained and analyzed the images could not access patient characteristics.

3) Statistical analysis
-----------------------

All statistical analyses were performed using the PASW SPSS statistics software package ver. 18.0 (SPSS Inc., Chicago, IL, USA). Continuous data were presented as mean±standard deviation. Categorical data were presented as an absolute number or percentage. A p-value\<0. 05 was considered to be statistically significant. The comparisons of preoperative characteristics and percentage of expression of the target molecule between groups were performed using univariate analysis. All parameters for this analysis were analyzed with non-parametric tests (Kruskal-Wallis test or Mann-Whitney U-test) as applicable.

4) Research ethics
------------------

The study protocol was reviewed by the institutional review board of Seoul National University Hospital (approval no. H-0907-052-287) and the Helsinki Declaration was adhered to throughout the study. Patients provided their informed consent to participate after having received a complete description of the study.

Results
=======

[Fig. 1](#f1-kjtcv-49-443){ref-type="fig"} shows typical findings of immunohistochemistry staining for target protein expression. [Fig. 2](#f2-kjtcv-49-443){ref-type="fig"} shows the scatter plot that compares the percentage of target molecule expression between TAV and BAV groups. There were no significant statistical differences between the two groups; eNOS (p=0.705), MMP-9 (p=0.111), and TIMP-2 (p=0.726). We set the mean percentage of the target molecule expression of the TAV group as the reference, and analyzed whether the target molecule expression in the BAV group was increased or not in comparison.

We checked the increase or decrease of the target molecule level from the reference value ([Fig. 3](#f3-kjtcv-49-443){ref-type="fig"}). The reference indicates the mean value of the control group. The expression of eNOS was decreased in the BAV group (16/22, 72.7%), MMP-9 was increased in the BAV group (14/17, 82.3%), and TIMP-2 was decreased in the BAV group (19/24, 79.2%).

[Fig. 4](#f4-kjtcv-49-443){ref-type="fig"} shows the scatter plot that compares the percentage of target molecule expression between TAV, non-AP, and AP groups. There were no significant statistical differences identified between the three groups; eNOS (p=0.094), MMP-9 (p=0.377), and TIMP-2 (p=0.411). Four patients (66.7%) from the AP group were available to undergo evaluation of eNOS expression, and all 4 patients (100%) showed a decreased level of eNOS compared to the TAV group. Five patients (83.3%) from the AP group were available to undergo evaluation of MMP-9 expression; 2 patients (40%) showed an increased level of MMP-9 and 3 patients (60%) showed a decreased level of MMP-9 compared to the TAV group.

Comparison of target molecule expressions in AP and non-AP groups in comparison to the BAV group showed decreased expression of eNOS in the AP group (p=0.081) ([Table 3](#t3-kjtcv-49-443){ref-type="table"}).

[Fig. 5](#f5-kjtcv-49-443){ref-type="fig"} shows the scatter plot that compares the percentage of target molecule expression among the TAV, R+L, R+N, and AP groups. There were no significant statistical differences among the four groups: eNOS (p=0.115), MMP-9 (p=0.582), and TIMP-2 (p= 0.212) ([Table 4](#t4-kjtcv-49-443){ref-type="table"}).

[Fig. 6](#f6-kjtcv-49-443){ref-type="fig"} shows the scatter plot that demonstrates the correlation between the diameter of the ascending aorta and target molecule expression. There was no significant statistical correlation identified in any of the molecules, meaning aorta dilatation is not correlated with target molecule expression.

Discussion
==========

Our study demonstrates a decrease in eNOS/TIMP-2, and increase in MMP-9 in around 75% of patients in the BAV group ([Fig. 2](#f2-kjtcv-49-443){ref-type="fig"}). Although we could not correlate BAV with aortopathy ([Fig. 1](#f1-kjtcv-49-443){ref-type="fig"}), our data indicate the importance of aortic wall biopsy in aortic valve diseases. The prevalence of aortic dilatation in patients with BAV disease ranges from 33% to 80%, and is most frequently observed in the ascending aorta \[[@b11-kjtcv-49-443]\].

There was no significant difference in the percentage of target molecule expression of eNOS, MMP-9, and TIMP-2 between TAV, non-AP, and AP groups ([Fig. 3](#f3-kjtcv-49-443){ref-type="fig"}). These findings indicate that the subtype of BAV disease does not influence the degree of target molecule expression. In contrast, Ikonomidis et al. \[[@b12-kjtcv-49-443]\] hypothesized that each BAV configuration type has a unique signature of local MMPs and TIMPs, and also suggested that the R+L type may be more aggressive based on the MMP/TIMP score ratio.

We found a trend toward decreased expression of eNOS in the aortic wall of patients with BAVs, especially with AP relationship morphology. Inferring from the results of our study, eNOS might be a better marker for aortopathy than MMP-9 or TIMP-2 for BAV with AP relationship (without raphe) ([Table 3](#t3-kjtcv-49-443){ref-type="table"}). In a clinical setting, the diagnosis of AP relationship with BAV on the operative field is without debate. Based on our data, careful checking of the ascending aorta is necessary for patients with an AP relationship with a BAV. Schaefer et al. \[[@b13-kjtcv-49-443]\] suggested that differences in spatial distribution of blood flow through an AP leaflet orientation may lead to differential gene expression and alteration of the wall matrix, primarily in the aortic root and ascending aorta, causing dilatation or dissection.

There was no significant correlation between the diameter of the ascending aorta and target molecule expressions of eNOS, MMP-9, and TIMP-2 ([Fig. 5](#f5-kjtcv-49-443){ref-type="fig"}). This finding demonstrates that dilatation of the ascending aorta does not mean that there are changes in expression of target molecules. This is very important in the clinical setting. When we perform aortic valve operation in aortic valve stenosis, we frequently encounter severely calcified or deformed valves, which we could not definitely diagnose as BAV. In cases of BAV, proactive ascending aorta replacement is recommended at 4 cm or larger in diameter. For the surgical indication of aorta replacement, Svensson et al. \[[@b14-kjtcv-49-443]\] recommended concurrent aortic valve repair with bicuspid valve if the aortic diameter is larger than 4.5 cm or an aortic cross-sectional area/height ratio greater than 8 to 10, because there is no added risk, and late survival is better.

Patients with BAV have an increased tendency to develop aneurysm or dissection of the thoracic aorta. Grewal et al. \[[@b15-kjtcv-49-443]\] reported a significant difference in the structure and maturation of the aortic wall in bicuspid valve, persisting in the dilated aortic wall, presenting with a thinner intima and lower expression of alpha smooth muscle actin. Patients with a non-dilated aorta and bicuspid valve did not show any difference in smooth muscle defects. Our results also suggested a tendency toward aortic wall defects in a bicuspid valve patient; however, not all patients with a bicuspid valve showed a wall defect. Based on our data, individual examination of the aortic wall with BAV might be necessary for meticulous follow-up of the ascending aorta.

MMP is known to be associated with extracellular matrix degradation in the ascending aorta. Wilton et al. \[[@b16-kjtcv-49-443]\] analyzed MMPs in bicuspid and TAV patients. No differences exist in gene expression of MMPs in ascending aorta and aortic valve between patients with BAV and TAV. Instead, patients with larger aortic diameters have increased MMP-2/TIMP-1. Therefore, MMP might not be a specific marker of aortic wall defects in a BAV. Our data also supported this finding, and MMP-9 was not particularly specific to the ascending aorta with BAV. Rabkin \[[@b17-kjtcv-49-443]\] showed similar data in a meta-analysis of differential expression of MMP-2, MMP-9, and TIMP proteins.

The molecular pathophysiology of BAV and associated aortopathy is controversial and continues to be investigated. Fibrillin-1 and angiotensin-converting enzymes are examples of some target molecules currently studied in addition to eNOS, MMP, and TIMP \[[@b18-kjtcv-49-443],[@b19-kjtcv-49-443]\].

Phillippi et al. \[[@b20-kjtcv-49-443]\] recently reported that aortopathy is mediated by a mechanism of altered matrix architecture and reduced collagen maturity, leading to remodeling of thoracic aortic aneurysms in BAV patients. Lee et al. \[[@b21-kjtcv-49-443]\] suggested that adverse aortic remodeling in BAV-associated thoracic aortic aneurysms is gender-dependent, and elevated levels of TIMP-2 could protect against collagen degradation in female BAV-associated thoracic aortic aneurysms.

The severity and risk of aortic disease could be reevaluated with different types of BAV. In our study, not all patients with BAV had expressions of aortopathy. For patients who have a suspicious form of bicuspid valve, an aortic wall biopsy could be valuable to determine bicuspid valve pathology.

There are several limitations that should be acknowledged in our study. First, the most important limitation of our study was the very small number of patients included in the control group. There was difficulty during the study process in getting informed consent, especially from patients without BAV pathology. Second, some specimens were missed, and we could not obtain all of the data from the study group. Third, the sample size of the study group may be too small to attribute statistical significance. Although the number of patients in each subgroup was small, our results compared with the control group did show distinctive data with a trend toward statistical significance, which could be valuable in considering the role of suspicious aortopathy in BAV disease.

In conclusion, in case of severe aortic stenosis with calcified fused leaflets, the aortic valve usually cannot be diagnosed with certainty as BAV. In this situation, aortic wall biopsy could be valuable to evaluate the medial wall defect. For patients suspected of having a BAV disease, evaluation of aortic wall pathology might be a helpful tool for long-term follow-up.
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![Typical findings of immunohistochemistry staining for target molecule expression. Direction of arrow means 'increase' or 'decrease'. (A) Endothelial nitric oxide synthase. (B) Matrix metalloproteinase-9. (C) Tissue inhibitor of matrix metalloproteinase-2.](kjtcv-49-443f1){#f1-kjtcv-49-443}

![(A--C) The scatter plot showing comparison of percentage of target molecule expression between TAV and BAV group. TAV, tricuspid aortic valve; BAV, bicuspid aortic valve; eNOS, endothelial nitric oxide synthase; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase.](kjtcv-49-443f2){#f2-kjtcv-49-443}

![Increased or decreased expression of eNOS, MMP-9, and TIMP-2. Reference: mean value of control group. eNOS, endothelial nitric oxide synthase; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase.](kjtcv-49-443f3){#f3-kjtcv-49-443}

![(A--C) The scatter plot showing comparison of percentage of target molecule expression between TAV, non-AP, and AP group. TAV, tricuspid aortic valve; AP, anteroposterior; eNOS, endothelial nitric oxide synthase; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase.](kjtcv-49-443f4){#f4-kjtcv-49-443}

![(A--C) The scatter plot showing comparison of percentage of target molecule expression between TAV, R+L, R+N, and AP group. TAV, tricuspid aortic valve; AP, anteroposterior; eNOS, endothelial nitric oxide synthase; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase; R+L, left coronary sinus-right coronary sinus; R+N, right coronary sinus-non-coronary sinus.](kjtcv-49-443f5){#f5-kjtcv-49-443}

![(A--C) The scatter plot showing correlation between diameter of ascending aorta and target molecule expression. eNOS, endothelial nitric oxide synthase; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase.](kjtcv-49-443f6){#f6-kjtcv-49-443}

###### 

Baseline characteristics of all study patients

  Characteristic                  Tricuspid aortic valve   Bicuspid aortic valve   p-value
  ------------------------------- ------------------------ ----------------------- ---------
  Total no.                       4 (12.9)                 27 (87.1)               
  Sex (male:female)               2:2                      19:8                    0.433
  Age (yr)                        64±10                    63±10                   0.941
  Hypertension                    4 (75.0)                 13 (48.1)               0.332
  Diabetes mellitus               0                        4 (14.8)                0.426
  Marfan                          0                        0                       \-
  Ex-smoker                       0                        3 (11.1)                0.499
  Current smoker                  0                        4 (14.8)                0.426
  Predominant AS                  2 (50.0)                 21 (77.8)               0.439
  More than moderate AS           2                        21                      
  Predominant AR                  2 (50.0)                 6 (22.2)                0.685
  More than moderate AR           2                        4                       
  Ascending aorta diameter (mm)   48±6                     43±5                    0.153

Values are presented as number (%), mean±standard deviation, or number.

AS, aortic stenosis; AR, aortic regurgitation.

###### 

Baseline characteristics of each BAV subgroup

  Characteristic                  BAV (R+L)[a)](#tfn5-kjtcv-49-443){ref-type="table-fn"}   BAV (R+N)[b)](#tfn6-kjtcv-49-443){ref-type="table-fn"}   BAV (anteroposterior)   p-value
  ------------------------------- -------------------------------------------------------- -------------------------------------------------------- ----------------------- ---------
  Total no.                       13 (18.2)                                                8 (81.8)                                                 6 (81.8)                
  Sex (male:female)               8:5                                                      6:2                                                      5:1                     0.591
  Age (yr)                        65±10                                                    61±9                                                     62±13                   0.663
  Hypertension                    5 (38.5)                                                 5 (62.5)                                                 3 (50.0)                0.561
  Diabetes mellitus               1 (7.7)                                                  2 (25.0)                                                 1 (16.7)                0.550
  Marfan                          0                                                        0                                                        0                       \-
  Ex-smoker                       2 (15.4)                                                 0                                                        1 (16.7)                0.490
  Current smoker                  1 (7.7)                                                  3 (37.5)                                                 0                       0.089
  Predominant AS                  11 (84.6)                                                5 (62.5)                                                 5 (83.3)                0.463
  More than moderate AS           11                                                       5                                                        5                       
  Predominant AR                  2 (15.4)                                                 3 (37.5)                                                 1 (16.7)                0.463
  More than moderate AR           2                                                        2                                                        0                       
  Ascending aorta diameter (mm)   43±5                                                     40±4                                                     45±5                    0.201

Values are presented as number (%), mean±standard deviation, or number.

BAV, bicuspid aortic valve; AS, aortic stenosis; AR, aortic regurgitation.

Left coronary sinus-right coronary sinus.

Right coronary sinus- non-coronary sinus.

###### 

Comparison of matrix protein expression in the media layer of AP and non-AP BAV

                      Endothelial nitric oxide synthase (%)   Matrix metalloproteinase-9 (%)   Tissue inhibitor of matrix metalloproteinase-2 (%)
  ------------------- --------------------------------------- -------------------------------- ----------------------------------------------------
  Non-AP BAV (n=21)   55±7                                    47±10                            43±7
  AP BAV (n=6)        48±5                                    48±9                             38±5
  p-value             0.081                                   0.889                            0.234

AP, anteroposterior; BAV, bicuspid aortic valve.

###### 

Overall comparison of matrix protein expression in the media layer

                                                                          Endothelial nitric oxide synthase (%)   Matrix metalloproteinase-9 (%)   Tissue inhibitor of matrix metalloproteinase-2 (%)
  ----------------------------------------------------------------------- --------------------------------------- -------------------------------- ----------------------------------------------------
  Bicuspid (R+L, N)[a)](#tfn8-kjtcv-49-443){ref-type="table-fn"} (n=13)   56±9                                    48±12                            42±7
  Bicuspid (R+N, L)[b)](#tfn9-kjtcv-49-443){ref-type="table-fn"} (n=8)    54±4                                    46±6                             43±7
  Bicuspid (anteroposterior) (n=6)                                        48±5                                    48±9                             38±5
  Control (n=4)                                                           57±11                                   38±1                             51±9
  p-value                                                                 0.115                                   0.582                            0.212

Left coronary sinus-right coronary sinus.

Right coronary sinus-non-coronary sinus.
